
E�ects of delayed treatment with nebracetam on
neurotransmitters in brain regions after microsphere
embolism in rats

1Satoshi Takeo, Hideki Hayashi, Keiko Miyake, Kaori Takagi, Mina Tadokoro, Norio Takagi &
Sayuri Oshikawa

Department of Pharmacology, Tokyo University of Pharmacy & Life Science, Hachioji, Tokyo, 192-03 Japan

1 The e�ects of delayed treatment with nebracetam, a novel nootropic drug, on neurotransmitters of
brain regions were examined in rats with microsphere embolism-induced cerebral ischaemia.

2 Cerebral ischaemia was induced by administration of 900 microspheres (48 mm) into the internal
carotid artery. The rats with stroke-like symptoms were treated p.o. with 30 mg kg71 nebracetam twice
daily. The levels of acetylcholine, dopamine, noradrenaline, 5-hydroxytryptamine (5-HT) and their
metabolites in the cerebral cortex, striatum and hippocampus of animals with microsphere embolism
were determined by high performance liquid chromatography (h.p.l.c.) on the 3rd and 7th days after the
operation.

3 Although the microsphere embolism induced signi®cant changes in most of the neurotransmitters and
some of their metabolites in the brain regions, the delayed treatment with nebracetam partially restored
only the hippocampal 5-HT and the striatal dopamine metabolite contents on the 3rd day.

4 The hippocampal in vivo 5-HT synthesis, but not the striatal dopamine synthesis, was attenuated in
rats with microsphere embolism on the 3rd day, but was restored by treatment with nebracetam. In vivo
striatal dopamine turnover rate of the rats with microsphere embolism was inhibited on the 3rd day
irrespective of treatment with nebracetam.

5 The present study provides evidence for a possible action of nebracetam on 5-HT metabolism in the
ischaemic brain.
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Introduction

Clinical studies have shown that nebracetam, 4-aminomethyl-
1-benzylpyrrolidin-2-one hemifumarate, is a possible ther-
apeutic agent for patients with sequelae of cerebral infarction
and cerebral haemorrhage with psychiatric symptoms (Ohto-
mo et al., 1992). Several pharmacological studies in the ex-
perimental animals have demonstrated that this agent
improves energy metabolism such as glucose uptake in brain
slices impaired by exposure to excess L-glutamate or hypoxia/
hypoglycaemia (Shibata et al., 1992) and protects high energy
phosphate breakdown in the ischaemic brain of the rabbit
(Kuhn et al., 1988). In addition to the improvement of energy
metabolism, this agent has also been suggested to have a
cholinomimetic action. This is supported by data from several
behavioural studies, which include improvements of choline
toxin-induced reduction in latency of the passive avoidance
response (Hashimoto et al., 1991) and scopolamine-induced
memory loss (Kuhn et al., 1988), and disruption of spatial
cognition (Iwasaki et al., 1992) in rats. This agent has also been
shown to attenuate scopolamine-induced decrease in catecho-
lamine content in the thalamus and hypothalamus (Iwasaki et
al., 1992). These ®ndings suggest that nebracetam modulates
neurotransmitters which play a key role in neurotransmission
under pathophysiological conditions. However, whether the
agent may a�ect neurotransmitter metabolism in the ischaemic
brain remains unclear.

The experimental evidence for the e�ects of nebracetam
described so far has been demonstrated largely in animals
pretreated with this agent or tissues treated with the agent
under in vitro conditions. Since most therapeutic agents are
primarily administered to patients after the setting of, or

during the pathogenesis of disease, delayed treatment may be
more relevant to the clinical use of such drugs. The present
study was designed to examine whether or not delayed treat-
ment with nebracetam a�ected neurotransmitter metabolism in
the ischaemic brain.

Microsphere embolism was used in the present study to
induce ischaemic damage to the brain because this model re-
veals typical features of cerebral ischaemia in rats, such as a
reduction in cerebral blood ¯ow (Miyake et al., 1993) and
decrease in tissue high energy phosphate (Takeo et al., 1992),
acetylcholine (Taguchi et al., 1994) and monoamines (Takagi
et al., 1996) and, eventually, induces a 40 ± 60% cerebral in-
farction in the ipsilateral hemisphere (Miyake et al., 1993).

Methods

Preparation of animals

Male Wistar rats weighing 180 to 220 g (Charles River Japan
Inc., Atsugi, Japan) were used in the present study. The ani-
mals were maintained under arti®cial conditions at 23+18C
with a constant humidity of 55+5% with a cycle of 12 h light
and 12 h dark, and had free access to food and tap water
according to the Guideline of Experimental Animal Care is-
sued by the Prime Minister's O�ce of Japan. This experi-
mental protocol was approved by the University Committee of
Animal Care and Welfare.

Microsphere embolism was performed by the method pre-
viously described (Miyake et al., 1989). Brie¯y, the rats were
anaesthetized with 35 mg kg71 sodium pentobarbitone, i.p.,
and ®xed in a supine position on an operation plate. After
cervical incision, the right common carotid artery was isolated.
The right external carotid and the right pterygopalatine ar-
teries were ligated with thread. Nine hundred microspheres
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(47.5+0.5 mm in diameter; NEN-005, New England Nuclear
Inc., Boston, MA, U.S.A.) suspended in 20% dextran were
injected into the right internal carotid artery through a poly-
ethylene catheter placed in the right common carotid artery.
The wound was closed and the animals were allowed to recover
under arti®cial conditions as described above. The rats which
underwent sham operation were injected with the same volume
of vehicle without microspheres.

Neurological de®cits

Fifteen hours after the operation, behaviour of the operated
rats was scored on the basis of paucity of movement, truncal
curvature and forced circling during locomotion, which were
considered to be typical symptoms of stroke in rats (Furlow &
Bass, 1976; McGraw, 1977). The score of each feature was
ranked from 3 to 0 (3, very severe; 2, severe; 1, moderate; 0,
light or no symptoms). The rats which had more than 6 points
were considered to be type A, 6 to 4 type B and less than 4 type
C. The symptoms and survival rate of the operated animals
were similar to those previously described (Miyake et al., 1989;
Takeo et al., 1992); for example, the symptoms of type A, B
and C determined on the 1st day were 54, 10 and 3%, re-
spectively, and the mortality of the operated rats by the 1st day
after the operation was 33%. In the present study, only the
type A animals were used for the following study.

Treatment with nebracetam

After stroke-like symptoms of the microsphere-injected rats
had been determined, the type A animals were randomly di-
vided into two groups, nebracetam-treated and untreated
groups. Nebracetam, 30 mg kg71 was administered orally,
twice daily to one group, whereas vehicle (water) was ad-
ministered to the other group. This treatment was conducted
until the 3rd or 7th days after the operation. Thus, the animals
examined on the 3rd and 7th days after the operation received
5 and 13 doses of this agent, respectively. The dose of nebra-
cetam used in the present study was chosen on the basis of the
dose-response e�ect of this agent ranging from 10 to
100 mg kg71 twice daily on the cerebral energy metabolism in
microsphere-embolized rats in a previous study (Takeo et al.,
1997).

Measurement of acetylcholine (ACh) and monoamines
in the brain regions

Measurement of ACh and monoamines was performed by the
method described previously (Taguchi et al., 1994; Takagi et
al., 1996). Brie¯y, at an appropriate time in the experimental
sequence, the microsphere-injected, sham-operated and non-
operated (pre-operated) rats were killed by focal microwave
irradiation of the head with a strength of 5 kW for 0.85 s by a
microwave applicator (TMW-6402C, Muromachi Kikai Co.,
Tokyo). After decapitation, the head of the animal was im-
mersed into liquid nitrogen and left for 10 s (near freezing).
The cerebral hemispheres were isolated and three brain re-
gions, cerebral cortex, striatum and hippocampus, were sepa-
rated. In previous studies, we observed that there was little or
no pathophysiological alteration of the left hemisphere of the
brain in this model (Takeo et al., 1992; Miyake et al., 1993;
Taguchi et al., 1994; Takagi et al., 1996). Thus, we examined
metabolic alterations in the brain regions of only the right
hemisphere in the present study. Each brain region was
homogenized in 0.2 M HC1O4 and 0.01% ethylenediaminete-
traacetic acid (EDTA) containing 1 mM ethylhomocholine as
an internal standard for ACh and choline. The homogenate
was centrifuged at 10 000 xg for 15 min at 48C. The super-
natant ¯uid was ®ltered through a membrane ®lter (0.45 mM)
and applied to high-performance liquid chromatography sys-
tem with an electrochemical detector h.p.l.c.-e.c.d.; ECD-300,
Eicom, Kyoto, Japan) to determine the concentrations of
ACh, dopamine, 3,4-dihydroxyphenylacetic acid (DOPAC),

homovanillic acid (HVA), noradrenaline (NA), 5-hydro-
xytryptamine (5-HT) and 5-hydroxyindoleacetic acid (5-
HIAA). For determination of ACh and choline, the sample
was applied to a column consisting of Eicompak AC-gel and
AC enzympak (Eicom, Kyoto, Japan) with the mobile phase
containing 0.1 M Na2HPO4, 200 mg l

71 sodium 1-decanesul-
phonate and 65 mg l71 tetraethylammonium chloride, pH 8.5,
at a ¯ow rate of 1 ml min71 at 338C. For determination of
monoamines and their metabolites, the sample was applied to
a reverse phase column (MA-5ODS, Eicom, Kyoto, Japan)
with the mobile phase containing 0.1 M citric acid, 0.1 M so-
dium acetate, 5 mg l71 disodium EDTA, 230 mg l71 sodium
1-octanesulphonate and 5% methanol, pH 3.5, at a ¯ow rate
of 1 ml min71 at 258C.

Determination of in vivo tyrosine and tryptophan
hydroxylation

To examine changes in the in vivo synthesis of monoamines,
tyrosine or tryptophan hydroxylation, a rate limiting step for
synthesis of each monoamine, was estimated by measuring the
ex vivo accumulation of dopa or 5-hydroxytrypophan (5-HTP),
respectively, after inhibition of aromatic L-amino acid dec-
arboxylase with 3-hydroxybenzylhydrazine dihydrochloride
(NSD-1015) as described earlier (Takagi et al., 1995). Three
hours or more after the last administration of nebracetam, the
microsphere-injected and sham-operated animals were given
100 mg kg71 NSD-1015, i.p., on the 3rd day after the opera-
tion. Thirty minutes after the administration of the inhibitor,
the head of the rat was irradiated with a 5 kW microwave
followed by near freezing in liquid nitrogen as described above.
The right hemisphere was isolated and the striatum and hip-
pocampus were separated. The dopa and 5-HTP were extracted
from each brain region and analysed by h.p.l.c.-e.c.d. The ex-
tract was applied to the column for monoamines (MA-5ODS,
Eicom, Kyoto, Japan) with the mobile phase containing 0.1M
citric acid, 0.1 M sodium acetate, pH 3.5, 15% methanol,
240 mg l71 sodium 1-octanesulphate, 5 mg l71 disodium
EDTA at a ¯ow rate of 1 ml min71 at 258C.

Determination of in vivo monoamine catabolism rate

In vivo dopamine turnover rate (catabolic rate) was determined
by the method described previously (Takagi et al., 1995). The
microsphere-injected and sham-operated rats were treated with
250 mg kg71 a-methyl-p-tyrosine (i.p.), a tyrosine hydroxylase
inhibitor, in saline on the 3rd day after the operation. Four
hours later the head of the animal was irradiated with a 5 kW
microwave as described above followed by the near freezing in
liquid nitrogen. Dopamine was extracted from the striatum
and determined by h.p.l.c.-e.c.d. as described above. The
sample was applied to a column of CA-5ODS (Eicom, Kyoto,
Japan) with the mobile phase containing 0.1 M NaH2PO4 ±
0.1 M Na2HPO4, pH 6.0, 20% methanol, 500 mg l71 sodium
1-octanesulphonate and 50 mg l71 disodium EDTA. The
turnover rate of dopamine metabolite in the striatum was
calculated by the equation of [DA]0(log[DA]07log[DA])/
0.434t, t=4, where [DA]0 and [DA] indicate dopamine con-
tents in 0 mg and 250 mg a-methyl-p-tyrosine-treated groups,
respectively (Carlsson et al., 1972).

Materials

Nebracetam was kindly given by Nippon Boehringer In-
gelheim Co. Ltd. a-Methyl-p-tyrosine and 3-hydro-
xybenzylhydrazine dihydrochloride were purchased from
Sigma Chemical Co. (St. Louis, U.S.A.). All other reagents
used were of the highest purity commercially available.

Statistics

The results are expressed as the means+s.e.mean. Statistical
signi®cance for comparison of the parameters between non-
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operated and microsphere-embolized groups was evaluated by
Dunnett's multiple comparison test. Statistical signi®cance
between microsphere-embolized, nebracetam-treated micro-
sphere-embolized, sham-operated and nebracetam-treated
sham-operated groups, was by analysis of variance followed by
Bonferroni's multiple comparison. Statistical signi®cance in
the in vivo monoamine synthesis and turnover rate between the
untreated and treated groups was estimated by analysis of
variance followed by Fisher's PLSD method. Di�erences with
a probability of 5% or less were considered to be statistically
signi®cant (P50.05).

Results

Changes in ACh and choline contents of rats with
microsphere embolism

In the ®rst set of experiments, the e�ects of nebracetam on
ACh and choline contents of the brain regions of the micro-
sphere-embolism rats on the 3rd and 7th days after the op-
eration were examined (Table 1). A signi®cant decrease in ACh
content was seen in the hippocampal region of the rats with
microsphere embolism on both days after the embolism.
Treatment with nebracetam did not reverse the decrease in the
hippocampal ACh content.

Choline content of the three brain regions was also de-
termined. The choline content in the striatumof themicrosphere
embolism rats increased only on the 3rd and 7th days, but not
any other brain region and time examined after the embolism
(data not shown). Treatment with nebracetam did not alter the
embolism-induced increase in the striatal choline content.

Changes in monoamine content of rats with microsphere
embolism

Changes in dopamine and its metabolites, DOPAC and HVA,
were measured in the brain of microsphere embolism rats on

the 3rd and 7th days after the operation. The results are shown
in Figures 1, 2 and 3, respectively. A signi®cant decrease in
dopamine content was seen in the cerebral cortex on the 3rd
day and in the striatum and hippocampus on the 3rd and 7th
days after the embolism (Figure 1). Treatment with nebrace-
tam did not reserve the decreased dopamine content at any
brain region and time examined after the embolism. A sig-
ni®cant decrease in DOPAC content was seen in the striatum
on the 3rd and 7th days and in the hippocampus on the 7th day
after the embolism (Figure 2). HVA content of the three brain
regions was signi®cantly decreased on both days after the
embolism (Figure 3). Delayed treatment with nebracetam sig-
ni®cantly restored both DOPAC and HVA contents in the
striatum on the 3rd day.

NA content of the three brain regions was also decreased
after the embolism except for that of the cerebral cortex on the
7th day (Table 1). Treatment did not a�ect the decreased NA
content of any brain region and time examined after the em-
bolism.

5-HT content was decreased in all brain regions examined
on the 3rd and 7th days after the operation (Figure 4). A
signi®cant recovery of 5-HT content after treatment with
nebracetam was seen only in the hippocampus on the 3rd day.
The levels of 5-HIAA of the animals with microsphere-
embolism on the 3rd day were higher than baseline levels of the
non-operated animals (Figure 5). This higher level was not
reversed, but futher elevated, by treatment with nebracetam.

Changes in in vivo hydroxylation of tyrosine and
tryptophan

Since appreciable e�ects of nebracetam treatment were seen
in the striatal dopamine metabolites and in the hippocampal
5-HT and its metabolite, the second set of experiments was
designed to focus further on alterations in these anabolic
and catabolic pathways. At ®rst, the ex vivo e�ect of neb-
racetam on the striatal dopamine and hippocampal 5-HT
syntheses were determined in the untreated and nebracetam-

Table 1 Acetylcholine and noradrenaline contents of the cerebral cortex, striatum and hippocampus of the right hemisphere of rats
with and without nebracetam treatment on the 3rd and 7th days after micosphere embolism

Time after operation
0 day 3rd day 7th day

Untreated Nebracetam Untreated Nebracetum

Acetylcholine
Cortex
Pre
Sham
ME

Striatum
Pre
Sham
ME

Hippocampus
Pre
Sham
ME

Noradrenaline
Cortex
Pre
Sham
ME

Striatum
Pre
Sham
ME

Hippocampus
Pre
Sham
ME

20.1+1.2

83.2+3.2

35.2+1.2

1.55+0.26

2.86+0.62

3.50+0.99

21.2+2.4
16.1+1.6

85.8+4.7
50.3+13.1

31.1+1.0
17.9+1.7#

1.26+0.18
0.73+0.26#

1.85+0.41
1.05+0.38#

2.49+0.47
0.73+0.27#

19.8+1.6
12.1+1.7

82.9+3.4
43.0+8.7

31.9+0.9
16.7+1.7

2.38+0.61
0.90+0.13

3.33+0.43
0.88+0.12

3.15+0.33
1.29+0.27

22.8+1.4
17.9+2.1

83.7+3.7
60.2+8.3

33.2+0.7
17.9+1.4#

1.97+0.29
0.88+0.23

3.20+0.66
1.46+0.14

2.76+0.36
1.47+0.27#

23.8+1.0
16.7+1.6

82.0+1.7
60.3+6.2

34.4+1.4
19.7+1.7

1.36+0.12
0.66+0.12

2.34+0.31
1.27+0.29

2.21+0.13
1.25+0.18

Values are expressed as nmol g71 frozen tissue. Each value represents the mean+s.e.mean of 6 to 8 experiments. #Signi®cantly di�erent
from the non-operated group (Pre) (P50.05). Abbreviations: Pre, non-operated group; Sham, sham-operated group; ME, group with
microsphere embolism.
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treated, microsphere embolism and sham-operated rats. For
this purpose, the in vivo hydroxylation of tyrosine or tryp-
tophan was determined in these animals on the 3rd day
after the operation (Figure 6). There was no change in the
striatal dopa and hippocampal 5-HTP accumulation of the
sham-operated rats irrespective of treatment with nebrace-
tam. Microsphere embolism resulted in a marked reduction
in dopa and 5-HTP accumulation after inhibition of the
hydroxylation. The ex vivo treatment of the microsphere-
embolized rat with nebracetam reversed the hippocampal
5-HTP accumulation, but not the striatal dopa accumula-
tion.

Changes in in vivo dopamine turnover

In the third set of experiments, the in vivo dopamine turnover
(dopamine catabolism) rate in the striatum was determined in
the untreated and nebracetam-treated rats, rats with micro-
sphere embolism and sham-operated rats on the 3rd day after
the operation (Figure 7). This was examined because of the lack
of an e�ect of ex vivo treatment with nebracetam on dopamine
biosynthesis (Figure 6) and an appreciable e�ect on the striatal
dopamine metabolites (Figures 2 and 3). The dopamine turn-

over rate was increased in the sham-operated rat by ex vivo
treatment with nebracetam. A reduction in the striatal dopa-
mine turnover rate was seen in rats after microsphere embolism
irrespective of treatment with nebracetam.

Discussion

In the present study we aimed to elucidate the e�ects of de-
layed treatment with nebracetam on microsphere embolism-
induced damage to cerebral neurotransmitter metabolism.
Microsphere embolism decreased ACh content to a lesser de-
gree than dopamine, NA and 5-HT contents in the present
study. Furthermore, ACh and monoamine contents in the
three brain regions of the animals with microsphere embolism
on the 7th day were not di�erent from those on the 3rd day
after the embolism, suggesting that this microsphere embolism
induced sustained or irreversible alterations in cerebral
monoamine metabolism, rather than in ACh metabolism.

Although microsphere embolism resulted in a decreased
ACh content in the hippocampus, the alteration was not af-
fected by the delayed treatment with nebracetam. Nebracetam
has been shown to enhance ACh synthesis and release in the
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Figure 2 Changes in 3,4-dihydroxyphenylacetic acid (DOPAC)
content of the (a) cerebral cortex, (b) striatum and (c) hippocampus
of the right hemisphere of the non-operated rat (Pre), the untreated
(ME) and nebracetam-treated rats with microsphere embolism
(ME+Neb), and the untreated (S) and nebracetam-treated sham-
operated rats (S+Neb) on the 3rd and 7th days after the operation.
Each value represents the mean+s.e.mean of 6 to 8 experiments. The
values for DOPAC of the cerebral cortex, striatum and hippocampus
of the non-operated rat were 0.24+0.05, 3.42+0.23 and
0.42+0.11 nmol g71 frozen tissue (n=8), respectively. #Signi®cantly
di�erent from the non-operated group and *signi®cantly di�erent
from the corresponding untreated group (P50.05).

3

2

1

0

a

b

c

50

40

30

20

10

0

6

5

4

3

2

1

0

D
A

 c
o

n
te

n
t 

(n
m

o
l g

–1
fr

o
ze

n
 t

is
su

e)

Pre ME ME
+

Neb

S S
+

Neb

ME ME
+

Neb

S S
+

Neb

3rd day 7th day

Figure 1 Changes in dopamine (DA) content of the (a) cerebral
cortex, (b) striatum and (c) hippocampus of the right hemisphere of
the non-operated rat (Pre), the untreated (ME) and nebracetam-
treated rats with microsphere embolism (ME+Neb), and the
untreated (S) and nebracetam-treated sham-operated (S+Neb) rats
on the 3rd and 7th days after the operation. Each value represents
the mean+s.e.mean of 6 to 8 experiments. The values for DA of the
cerebral cortex, striatum and hippocampus of the non-operated rat
were 1.26+0.27, 37.31+2.51 and 3.53+1.11 nmol g71 frozen tissue
(n=7±8), respectively. #Signi®cantly di�erent from the non-operated
group (P50.05).

Nebracetam and neurotransmitters480 S. Takeo et al



isolated ganglia of normal dogs (Ohjimi et al., 1994) and to
prevent choline toxin-induced decrease in striatal ACh release
and reduction in the striatal choline acetyltransferase activity
of the rat (Hashimoto et al., 1991). The e�ects of the agent on
the brain of animals compromised by hypoxia, ischaemia or
ischaemia/reperfusion have not yet been elucidated. A binding
study revealed that nebracetam has a weak a�nity for mus-
carinic ACh receptors (Kitamura et al., 1990). In this respect,
the ®nding that delayed treatment with nebracetam had no
e�ect on ACh metabolism in the microsphere embolism-in-
duced ischaemic brain was not unexpected.

A partial restoration of neurotransmitters in the ipsilateral
hemisphere by delayed treatment with nebracetam was seen
only with the striatal dopamine metabolite and the hippo-
campal 5-HT contents on the 3rd day after the embolism. As
described above, alterations in monoamines, such as dopamine
and 5-HT, were sustained much more than those in ACh after
microsphere embolism. These ®ndings motivated us to study
further the mechanisms responsible for the restoration or
conservation of neurotransmitter monoamines by nebracetam.

We examined the e�ects of delayed treatment with nebra-
cetam on the biosynthesis of dopamine and 5-HT following

microsphere embolism; that is, the e�ects of nebracetam on the
in vivo dopa and 5-HTP accumulation in the striatum and
hippocampus, respectively, were determined. Nebracetam did
not alter the striatal dopa and hippocampal 5-HTP accumu-
lation of the sham-operated animals following administration
of the aromatic L-amino acid decarboxylase inhibitor, sug-
gesting that nebracetam per se does not a�ect the synthesis of
striatal dopamine and hippocampal 5-HT under normal con-
ditions. The e�ect of delayed treatment with nebracetam on
dopamine or 5-HT synthesis was detected only in the hippo-
campal tryptophan hydroxylation in the rats with micro-
sphere-embolism. This suggests that 5-HT synthesis is
protected against microsphere embolism-induced ischaemic
injury or the impaired 5-HT synthesis is reversed by the de-
layed treatment with nebracetam.

Since no appreciable e�ects of nebracetam on the in vivo
hydroxylation of tyrosine were detected, its e�ect on striatal
dopamine catabolism following microsphere embolism was
further examined under in vivo conditions. Although dopa-
mine turnover rate was enhanced by delayed treatment with
nebracetam in the sham-operated animal, such enhancement
was not observed in the rats with microsphere-embolism. We
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Figure 4 Changes in 5-hydroxytryptamine (5-HT) content of the (a)
cerebral cortex, (b) striatum and (c) hippocampus of the right
hemisphere of the non-operated rat (Pre), the untreated (ME) and
nebracetam-treated rats with microsphere embolism (ME+Neb), and
of the untreated (S) and nebracetam-treated sham-operated rats
(S+Neb) on the 3rd and 7th days after the operation. Each value
represents the mean+s.e.mean of 6 to 8 experiments. The values for
5-HT of the cerebral cortex, striatum and hippocampus of the non-
operated rat were 3.93+0.46, 5.25+0.42 and 4.26+0.90 nmol g71

frozen tissue (n=7±8), respectively. #Signi®cantly di�erent from the
non-operated group and *signi®cantly di�erent from the correspond-
ing untreated group (P50.05).
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Figure 3 Changes in homovanillic acid (HVA) content of the (a)
cerebral cortex, (b) striatum and (c) hippocampus of the right
hemisphere of the non-operated rat (Pre), the untreated (ME) and
nebracetam-treated rats with microsphere embolism (ME+Neb), and
of the untreated (S) and nebracetam-treated sham-operated rats
(S+Neb) on the 3rd and 7th days after the operation. Each value
represents the mean+s.e.mean of 6 to 8 experiments. The values for
HVA of the cerebral cortex, striatum and hippocampus of the non-
operated rat were 0.31+0.04, 2.47+0.15 and 0.36+0.10 nmol g71

frozen tissue (n=8), respectively. #Signi®cantly di�erent from the
non-operated group and *signi®cantly di�erent from the correspond-
ing untreated group (P50.05).
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observed that the striatal DOPAC and HVA levels on the 3rd
day were higher in the nebracetam-treated rats with micro-
sphere-embolism than the untreated rats with microsphere-
embolism. The striatal dopamine levels were also higher in
the drug-treated rats with microsphere embolism than in the
untreated rats with microsphere embolism on the 3rd day
(Figure 1). The absolute di�erence in the striatal dopamine
metabolite levels in the untreated and treated rats with mi-
crosphere embolism appears to be comparable to the di�er-
ences in dopamine levels per se between these two groups.
This substantial di�erence in dopamine levels, rather than the
e�ect on synthesis and/or catabolism of dopamine, may be at
least in part attributed to the elevation of striatal DOPAC
and HVA contents of the nebracetam-treated rats with mi-
crosphere embolism.

5-HIAA levels in the three brain regions of the animals with
microsphere embolism on the 3rd day were greater than
baseline levels of the non-operated animals and the delayed
treatment with nebracetam further elevated the 5-HIAA levels.
Since no e�ects of this treatment on 5-HIAA content were seen
in the sham-operated animals on the 3rd day and in the ani-
mals with microsphere embolism on the 7th day, the e�ects
may be speci®c in the ischaemic brain on the 3rd day.
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Figure 6 In vivo tyrosine and tryptophan hydroxylation in the
striatum and hippocampus, respectively, of the right hemisphere of
the untreated (S) and nebracetam-treated sham-operated rats
(S+Neb), and the untreated (ME) and treated rats with microsphere
embolism (ME+Neb) on the 3rd day after the operation. Tyrosine
hydroxylation was estimated by the accumulation of dopa in the
striatum (a), whereas tryptophan hydroxylation, by the accumulation
of 5-hydroxytryptophan (5-HTP) in the hippocampus (b) after in vivo
treatment with an inhibitor of aromatic L-amino acid decarboxylase.
Each value represents the mean+s.e.mean of 7 experiments.
#Signi®cantly di�erent from the corresponding sham-operated group
and *signi®cantly di�erent from the untreated group (P50.05).
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Figure 5 Changes in 5-hydroxyindoleacetic acid (5-HIAA) content
of the (a) cerebral cortex, (b) striatum and (c) hippocampus of the
right hemisphere of the non-operated rat (Pre), the untreated (ME)
and nebracetam-treated rats with microsphere embolism (ME+Neb),
and the untreated (S) and nebracetam-treated sham-operated rats
(S+Neb) on the 3rd and 7th days after the operation. Each value
represents the mean+s.e.mean of 6 to 8 experiments. The values for
5-HIAA of the cerebral cortex, striatum and hippocampus of the
non-operated rat were 1.00+0.08, 2.61+0.12 and 2.04+
0.16 nmol g71 frozen tissue (n=8), respectively. #Signi®cantly
di�erent from the non-operated group and *signi®cantly di�erent
from the corresponding untreated group (P50.05).
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Figure 7 In vivo dopamine turnover rate in the striatum of the right
hemisphere of the untreated (S) and nebracetam-treated sham-
operated rats (S+Neb), untreated (ME) and treated rats with
microsphere embolism (ME+Neb) on the 3rd day after the
operation. The striatal dopamine turnover rate was estimated by
di�erences in the amounts of dopamine in the presence and absence
of a-methyl-p-tyrosine. Each value represents the mean+s.e.mean of
4 experiments. #Signi®cantly di�erent from the corresponding sham-
operated group and *signi®cantly di�erent from the untreated group
(P50.05).
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Generally, there are several factors which determine
changes in metabolites in a tissue, such as production and
degradation of metabolites in the tissue and washout of
metabolites from the tissue. A conclusive mechanism for
alterations in the metabolite content can be proposed only
after extensive examination of these determinants. With re-
gard to 5-HIAA, 5-HT synthesis in the hippocampus was
reduced in the rats with microsphere embolism on the 3rd
day and the delayed treatment with nebracetam restored the
hippocampal biosynthesis of 5-HT appreciably. These ®nd-
ings suggest that 5-HIAA levels are higher in the nebrace-
tam-treated animals than the untreated animal, although we
have no data concerning its e�ects on in vivo 5-HT turnover
in the present study. Furthermore, the extent of washout of
metabolites might be a possible factor to determine tissue
metabolite content in the ischaemic brain. In a previous
study, we observed a marked decrease in blood ¯ow in all
three brain regions on the 3rd day and moderate or lesser
decreases in the blood ¯ow in these brain regions on the 7th
day after microsphere embolism (Miyake et al., 1993). Thus,
it is possible that reduced blood ¯ow, that is a failure in
washout of the metabolite, may contribute to the elevation
of 5-HIAA levels in the brain of the rats with microsphere
embolism irrespective of treatment with nebracetam. Since
the cerebral blood ¯ow of the rats with microsphere embo-
lism with and without nebracetam treatment was not de-
termined in the present study, the exact mechanism for the
increase in 5-HIAA levels in the brain remains inconclusive
at present.

It is recognized that cerebral cholinergic nerve activity plays
a pivotal role in learning and memory function (Bartus et al.,
1982; Hargan & Morris, 1987). In fact, the learning and
memory de®cits of dementia in the aged and patients with
Alzheimer's disease have been associated with a decline in
cholinergic systems of the basal forebrain (Drachman & Lea-

vitt, 1974; Coyle et al., 1983). This suggests a possible re-
lationship between de®cits in learning and memory function
and impairments in central cholinergic systems under patho-
physiological conditions. On the basis of this hypothesis, it is
possible that changes in ACh metabolism in the ischaemic
brain may be, at least in part, related to nootropic e�ects of an
agent. However, we did not observe any e�ects of nebracetam
treatment on cerebral ACh content in the rats with micro-
sphere-embolism. Thus, the contribution of ACh metabolites
to a putative nootropic action of nebracetam in the rats with
microsphere embolism is unlikely.

Since there is so far no evidence for a de®nite relationship
between the 5-hydroxytryptaminergic system and learning
and memory, the contribution of 5-HT metabolism modi®ed
by nebracetam to the learning and memory function would
be speculative. Several studies have predicted an interaction
between the 5-hydroxytryptaminergic and cholinergic sys-
tems in mediating the learning and memory processes. That
is, Nilsson et al. (1988) showed that a combination of
cholinergic and 5-hydroxytryptaminergic denervation of the
rat forebrain produced profound impairments in spatial
learning of rats, and Riekkinen et al. (1990) observed that a
dihydroxytryptamine-induced lesion of raphe dorsalis ag-
gravated the spatial navigation de®cit produced by a lesion
of the nucleus basalis magnocellularis in rats. These ob-
servations suggest that the 5-hydroxytryptaminergic system
plays a potential role in learning and memory. If so, re-
storation of 5-HT metabolism by nebracetam might play a
role in learning and memory under ischaemic conditions.

In summary, in the present study we demonstrated that
nebracetam enhanced 5-HT synthesis in the hippocampus of
rats with microsphere embolism. Although the signi®cance of
the e�ects remains unclear, the results provide evidence for a
possible action of nebracetam on restoration of hippocampal
5-HT synthesis in the ischaemic brain.
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